OBJECTIVES: As the surgical results for Fontan candidates improve, much attention has been given to the long-term cognitive outcomes. This study aimed to assess the neurocognitive outcomes after Fontan completion, and to determine the factors associated with an extremely low intelligence quotient (IQ <70).
INTRODUCTION
Advances in medical, interventional and surgical management techniques have vastly improved survival rates in patients with congenital heart disease. Recent research has shifted focus to neurocognitive outcomes and quality of life as important primary outcomes in this population.
As early as the 1980s, the neurocognitive outcomes of patients who underwent neonatal or infant repair for complex heart disease, such as complete transposition of the great arteries, had attracted the attention of researchers [1] . Furthermore, many investigators have been studying the neurocognitive outcomes of patients with biventricular physiologies. With the recent progress in surgical strategies and perioperative managements for hypoplastic left heart syndrome (HLHS) and other disorders requiring the Fontan operation, increasing numbers of patients have reached school age. In particular, the cases of patients who have achieved Fontan circulation through staged palliative operations have come under scrutiny [2] [3] [4] .
These patients are exposed to conditions that might affect their neurocognitive outcomes, such as multiple anaesthesia, longer cumulative intubation time and longer hospitalization times during infancy and early childhood, which is typically considered a crucial period for cerebral development. Such patients are also subjected to varying degrees and durations of hypoxaemia. Therefore, we believe it is important to identify the postoperative neurocognitive status of Fontan patients, and to identify the specific factors that should be considered during their treatment or management.
Most earlier reports on the subject reflect the management approach of the 1970s and 1980s, mainly involving the dominant left ventricles. With recent improvements in the surgical mortality rates of patients with higher operative risks, HLHS and right atrial isomerism (RAI), which mainly involve dominant right ventricles, patient demographics have changed. Thus, this study was performed to identify the recent trends in the neurocognitive outcomes of school-aged patients after the Fontan operation, and to determine the specific risk factors for adverse neurocognitive outcomes.
MATERIALS AND METHODS

Patient population
We performed a single-centre, retrospective review of neurocognitive assessments and medical records of 70 local, eligible, school-aged (5-16 years) patients who underwent the Fontan operation at Mt. Fuji Shizuoka Children's Hospital between January 1999 and December 2011. Patients' data were obtained from their medical records and reports from referring cardiologists. The Research Ethics Committee of our institution approved this study. Written informed consent was obtained from all parents after the purpose of the study and all procedures involved were fully explained.
The flow diagram showing the steps for enrolling patients is shown in Fig. 1 . Of a total of 234 patients who underwent the Fontan operation at Mt. Fuji Shizuoka Children's Hospital, 139 were school aged (5-16 years). A total of 106 patients were being evaluated at our outpatient clinic at least once a year. In total, 78 patients were included in the study. Of these patients, 8 were excluded (because of genetic syndromes, 2; pervasive developmental disorders, 2; difficulty in taking neurocognitive examinations, 5; inability to speak Japanese, 1), and the remaining 70 were enrolled into the study cohort.
The patient demographics are listed in Tables 1 and 2 . Patients with a dominant right ventricle accounted for more than half (40 of 70, 57%) of the entire cohort, including HLHS in 17 of 70 (24%), aortic atresia in 8 of 70 (11%) and RAI in 15 of 70 (21%) patients. This study cohort was representative of all the patients who underwent the Fontan operation during the study period. In total, 66 of 70 patients (94%) underwent staged palliative operations, with each patient undergoing a median of 3 (range, 1-6) operations, including Fontan completion. The initial procedures are described in Table 1 . A total of 35 of 70 (50%) patients required their first palliative operation during the first 28 days of life, and 25 of 70 (36%) patients required cardiopulmonary bypass (CPB) at the same time, while 10 of 70 (14%) patients required deep hypothermic circulatory arrest (DHCA). The median body weight of the patients at the time of the first operation was 3.4 (range, 1.7-17.9) kg, and 10 of 70 (14%) patients weighed <2.5 kg. Our standard manoeuvre for establishing Fontan circulation, which consists of an extracardiac total cavopulmonary connection (TCPC) with CPB, was performed in 54 of 70 (77%) patients. Cardioplegic arrest was employed in 48 of 70 (69%) patients, who needed concomitant intracardiac repair, or unusual re-routing. Fenestration was placed in 4 of 70 (6%) patients. The median age at Fontan completion was 1.75 (range, 0.48-8.92) years, and the median body weight at Fontan operation was 9.9 (range, 5.4-23.8) kg.
Neurocognitive assessment
Neurocognitive assessment was performed by two paediatric psychologists between January 2006 and June 2012 by using Wechsler's Intelligence Scales. There are many different indicators of poor neurodevelopmental outcomes, such as cerebral palsy, neuromotor problems, visual and hearing impairments, learning difficulties and psychological, behavioural and social problems. We focused on intellectual abilities, as measured by Wechsler's Intelligence Scales, because this is the most commonly used measure of intelligence worldwide. In accordance with the changes in neurocognitive assessments performed at our institution, the Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) was used for the more recent cases (79%, 55 of 70), and the Wechsler Intelligence Scale for Children-Third Edition (WISC-III) (11%, 8 of 70) or the Wechsler Preschool and Primary Scale of Intelligence (WPPSI) (10%, 7 of 70) was used for patients examined earlier. These tests offer standardized assessments of cognitive development in children aged between 5 and 16 years (WISC-IV and WISC-III) and 3.8 and 7.1 years (WPPSI). The full-scale IQ (FSIQ), representing global cognitive ability, is obtained in all three tests, with the mean ± standard deviation (SD) of FSIQ scores in the normal population being 100 ± 15 for each examination. We used this score to investigate factors that affect neurocognitive outcomes. The WISC-IV, WISC-III and WPSSI have continuity in their construction, and substantial correlations between the WISC-IV FSIQ and the FSIQs of WISC-III and WPPSI have been reported (correlation coefficients 0.89 and 0.89, respectively) [5] .
These three tests yield lower order composites, representing different neurocognitive abilities: Verbal Comprehension Index (VCI), Perceptual Reasoning Index (PRI), Working Memory Index (WMI) and Processing Speed Index (PSI) for WISC-IV; and Verbal IQ (VIQ) and Performance IQ (PIQ) for WISC-III and WPPSI. We analysed these lower order composites only in patients who were assessed using WISC-IV (n = 55 of 70). Because these variables are substantially different between the WSIC-IV (VCI, PRI, WMI and PSI) and the other two tests (VIQ and PIQ), it was not possible to compare these variables across all patients.
Statistical analysis
Data are presented as either means ± SD or medians (range). The one-sample t-test was used to compare FSIQ in our patient cohort with that of the normal population. Pearson's correlation coefficient was used to assess the correlations between the FSIQ and other variables. We divided our patients into two groups: FSIQ <70 and FSIQ ≥70. Differences between the two groups (FSIQ <70 and FSIQ ≥70) were determined using Fisher's exact test, the χ 2 test, Student's t-test or Mann-Whitney's test, as appropriate. To determine patient characteristics related to the WISC-IV lower order composites (VCI, PRI, WMI and PSI), comparisons between these four parameters were performed using analysis of variance (ANOVA), followed by the Bonferroni correction for multiple comparisons. All analyses were conducted using R software (version 2.13.2). Values of P <0.05 were considered statistically significant.
RESULTS
Neurocognitive outcomes
Neurocognitive outcomes were assessed at a median age of 8.6 (range, 5.1-14.5) years, which was at a median time of 7.6 (range, 0.5-12.9) years after Fontan completion ( Table 2 ). The median FSIQ for the study cohort was 85 (range, 43-118), which was significantly lower than that of the normal population (P < 0.01), and within the lowest end of the normal limit (Fig. 2) . A total of 15 of 70 (21%) patients in our cohort had an FSIQ <70. Age at neurocognitive examination and FSIQ score were not significantly related.
Predictors of neurodevelopmental outcome
Univariate analysis. Comparisons of surgical and medical data for patients with FSIQ <70 vs FSIQ ≥70 are given in Table 3 . Univariate analysis revealed that severe asphyxia, represented by a 5-min Apgar score <4 (P = 0.03), lower body weight at first operation (<2.5 kg) (P = 0.03) and inter-stage events requiring cardiopulmonary resuscitation (CPR) with chest compressions (P = 0.02) ( Lower order composites. Figure 3 shows the scoring pattern of lower order composites for patients who were assessed using the WISC-IV (n = 55 of 70: FSIQ <70 (n = 10 of 55); FSIQ ≥70 (n = 45 of 55). Patients with FISQ <70 scored lower on PRI and VMI compared with the other two variables, VCI and PSI. This differed from the scoring pattern in patients with FSIQ ≥70, who scored equally on each of the four variables. Multiple comparisons revealed significant differences between VCI and PRI; VCI and WMI; PSI and PRI and PSI and WMI (P = 0.01, P = 0.02, P < 0.01 and P < 0.01, respectively) in patients with FSIQ <70. Further investigation of the individual tests composing each of the lower-order composites was conducted in an attempt to extract the specific abilities affected in patients with an FSIQ <70, but there was no specific impairment pattern that emerged at this level.
DISCUSSION
Traditionally, studies of neurocognitive outcomes in children who undergo cardiac surgery have focused on factors related to the surgery, such as the use of DHCA or the method of CPB. Recently, it has become clear that neurocognitive outcomes depend on multiple factors. Hence, some emphasis has been placed on prevailing factors before the patient enters the operating room; these include intrauterine haemodynamic alternations, congenital brain abnormalities and acquired brain injury related to prolonged cyanosis or hypo-perfusion after birth. The present study cohort is unique in its patient demographics, being composed mainly of dominant RV patients (57%, 40 of 70); approximately half of these had HLHS, and the other half had RAI, which is a heterogeneous disease that is associated with a high mortality rate [6] . This cohort reflects all of the patients who underwent the Fontan operation at our institution within the defined study period [7] . The median FSIQ of the present cohort at school age was 85 (range, 58-118), which is well below the level of the normal population, but still within the lower normal limit. These scores are similar to those found in recent studies considering the neurocognitive outcomes of HLHS at school age, which reported an FSIQ of 86 [8, 9] .
We set the cut-off point of low IQ at <70, as this is >2 SDs below the population mean and is defined as mental retardation by the American Psychiatric Association's (2000) Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition, text revision (DSM-IV). An IQ of <70 can be considered a borderline score, which possibly affects patients' school lives. Overall, 15 of 70 (21%) patients had FSIQ <70. Of these, 12 were attending school at the time of their neurocognitive examination, and the remaining three patients were attending preschool. Among the 12 school-going patients, 4 were attending a special school, while the others were considered borderline and required some special care at school. The schooling needs of the remaining three preschool children were being considered at the time of the study. This supports our decision to set the cut-off point at FSIQ <70. As enrolment in the study was voluntary, there may have been some selection bias, according to parents' anxiety about neurodevelopmental retardation. That is, it is possible that children with worse neurocognitive outcomes were more likely to be enrolled by their parents, while children with better or normal global abilities were more likely to have been excluded in the course of obtaining informed consent.
Risk factors for low full scale IQ <70
Univariate analysis identified three significant risk factors for FSIQ <70. Two of these were innate factors: low body weight (<2.5 kg) at the time of the first operation (P = 0.03) and low 5-min Apgar score <4 (P = 0.03). The third was inter-stage CPR (P = 0.02). Intubation time of >30 days following the first operation showed a tendency to be related to adverse outcomes (P = 0.06), even though this did not reach statistical significance. Other patient factors, such as HLHS, aortic atresia, RAI and early gestational age, or modifiable operative factors, such as neonatal operation, neonatal CPB, neonatal DHCA, DHCA use at any time and total duration of DHCA, were not directly related to FSIQ <70.
Innate factors. Apart from congenital heart disease, low Apgar score and low birth weight are considered to be related to adverse neurocognitive outcomes, and many investigators have focused on these factors. Moreover, early gestational age has been reported to be a risk factor for adverse neurocognitive outcomes [10] . These are innate risk factors, which in effect are seen before the patient enters the operating room [11] [12] [13] [14] .
Prenatal retrograde aortic isthmus flow has also been reported to be a predictor of adverse neurological outcomes [15] . We investigated the patients who had aortic atresia and have retrograde cerebral perfusion during the intrauterine period; however, we found no relationship between this aortic morphometry and FSIQ <70 in our study.
Operative factors. Fontan candidates often experience multiple operations, a longer cumulative intubation time and/or longer hospitalization periods, and are therefore at risk of complications related to surgical interventions.
Postoperative morbidities, such as longer intubation time and longer hospital stay after the first operation, have also been proposed as potential factors for adverse neurocognitive outcomes [8, [12] [13] [14] 16 ]. In the current patient cohort, longer intubation time (>30 days) following the first operation, which would be reflective of perioperative difficulties, had a tendency to be related to poor neurocognitive outcomes (P = 0.06). The neurotoxic, and conversely, neuroprotective properties of anaesthetics and sedatives on the developing brain have been investigated, but the precise molecular mechanisms and applicability of these effects remain to be clarified [17] . Longer intubation time after the first operation, which usually involves the long-term use of anaesthetic agents, may also reflect the effects of anaesthesia on neurocognitive outcomes.
The influence of the timing and duration of DHCA on neurocognitive outcomes has been investigated in previous studies. We administered DHCA at 20°C to patients as required, and found no relationship between DHCA use, neonatal DHCA use or the total duration of DHCA and severe neurocognitive outcomes at school age.
Cyanosis is a concern associated with all patients with single ventricle physiology and is thought to be associated with poor neurocognitive outcomes. Many investigators have studied both the duration and degree of hypoxaemia influencing neurodevelopmental outcomes [18] [19] [20] . However, the exact impact of chronic hypoxaemia, the duration and magnitude of cyanosis and the effect of early elimination of cyanosis in Fontan candidates are not well understood. We aim to perform the Fontan operation as early in a patient's life as possible, because we believe that the early elimination of cyanosis has a positive effect on cardiac and other visceral functions [7, 21] , and would improve neurocognitive outcomes. However, in this study, we found no relationship between age at Fontan completion and FSIQ at school age. Inter-stage cardiopulmonary resuscitation. There have been a few reports considering CPR and neurocognitive outcomes in patients following heart surgery. Cardiopulmonary resuscitation is considered a life-threatening event and reportedly has a negative impact on brain functioning, which is related to cerebral hypoxaemia and ischaemia during CPR [22] . Goldberg et al. reported, in 2000 , that patients with a functionally single ventricle, who had experienced cardiac arrest, or who presented in shock, tended to have lower developmental test scores, but there was no statistically significant difference [3] . Recently, Attalah et al. investigated neonates with HLHS and found that the need for CPR at any time before or after the Norwood operation was a significant risk factor for a lower psychomotor score [16] . The current study revealed that the occurrence of a CPR event was a strong risk factor for FSIQ <70. It is difficult to change innate factors, so identifying a method to prevent inter-stage CPR seems to be the most promising chance for reducing the negative neurocognitive outcomes of Fontan candidates.
The timing and causes of CPR events in our cohort of patients are presented in Table 4 . Life-threatening events occurred both before and after the bidirectional Glenn shunt operation. The main causes can be roughly divided into three classes: sudden haemodynamic instability (SHI), respiratory issues and arrhythmias. We are currently modifying out management strategies for patients with single-ventricle physiologies, with the aim of preventing inter-stage CPR events, as outlined below.
One of the main reasons for SHI was pulmonary overcirculation. We have reduced the size of the modified BlalockTaussig shunt, as described in a recent article from our institution: from 3.6 ± 0.2 mm (1993-2007) to 3.2 ± 0.2 mm (2004-10), P = 0.02. Additionally, we placed clips on the shunts in order to reduce pulmonary blood flow, if needed. To regulate pulmonary blood flow, if required during the early postoperative period, we routinely perform delayed sternal closure for neonatal palliative operations [23] .
The main cause of respiratory issues was bacterial infection. We have been administering vaccines to prevent severe respiratory infections in patients with single-ventricle physiology, and have also been administering antibiotics prophylactically, in an attempt to reduce such respiratory issues [24] .
We generally use anti-arrhythmic drugs, such as amiodarone, dexmedetomidine or both in combination, to treat or prevent life-threatening arrhythmias. Some arrhythmic events occurred while the patient was in the catheter laboratory, the causes of which were speculated to be unscheduled stimulations of the atrioventricular node or ventricular wall during catheter examinations or interventions. We need to make some improvements in our catheter technique to reduce these occurrences.
These strategies have improved the surgical outcomes of our patients with single-ventricle physiology [23] and could reduce inter-stage CPR events, thus potentially improving the neurocognitive outcomes of these patients. Further investigation is needed to clarify this hypothesis.
Lower-order composites. The lower-order composites of WISC-IV (VCI, PRI, VMI and PSI) were developed to reflect specific functions that contribute to global cognitive abilities. VCI is composed of subsets measuring verbal abilities utilizing reasoning, comprehension and conceptualization. PRI is composed of subsets primarily measuring perceptual reasoning, with some visual-spatial organization. WMI reflects the ability to hold information in the mind temporarily, while performing some operation or manipulation with that information, or engaging in an interfering task. PSI is composed of subsets measuring the speed of mental and graphomotor processing [25] . The characteristic scoring pattern (Fig. 3) of impaired PRI and WMI in patients with low FSIQ (<70) reflects the requirements of these patients for special support in their daily lives.
LIMITATIONS
The primary limitations of the present study lie in its relatively small number of patients with heterogeneous backgrounds, including different diagnoses and timing and variation of the first operation, as well as in its retrospective nature. To elucidate the precise mechanisms responsible for impaired neurocognitive outcomes, further investigations with other methodologies, such as brain MRI, are required.
CONCLUSION
In conclusion, the FSIQs of patients who underwent the Fontan operation fell within the lower normal limit, and remain a concern. Low body weight (<2.5 kg) at the time of first operation, low 5-min Apgar score (<4) and inter-stage CPR events were significant risk factors for FSIQ <70. Other modifiable operative factors were not found to be determinants of FSIQ <70. A breakthrough in preventing inter-stage CPR events might improve the neurocognitive outcomes of Fontan candidates.
APPENDIX. CONFERENCE DISCUSSION
Dr E. Jokinen (Helsinki, Finland): Your interesting paper deals with an important issue in the follow-up of patients with univentricular heart. Mortality can't be the only measure to be taken into account after cardiac operations. Neurological complications are major determinants of the quality of life in these patients. The median full scale IQ was 85 for the entire cohort. The full scale IQ was below 70 in 21% of the patients. It means that these patients were mentally retarded. You found two risk factors for the low IQ, namely, weight less than 2.5 kg at the time of initial palliative surgery and interstage events requiring cardiopulmonary resuscitation. I have two questions to you.
First, the proportion of patients with IQ below 70 was considerably high in your paper; it is higher than reported in other recent papers. You used three different tests in your study, namely, WPPSI, WISC III and WISC IV. What do you think is the impact on your results of using different tests and were the tests validated for the Japanese population?
Secondly, weight under 2.5 kg was one of the major risk factors for low IQ. Is it possible that there are additional prenatal risk factors than the heart condition itself in these low weight neonates, such as placental dysfunction during pre-eclampsia, that could explain the lower IQ in this cohort of patients?
Dr Sugimoto: As you say, 21% is relatively high compared with previous reports. We used three different tests which are all part of Wechsler "family" of children's intelligence tests, and the basic concept for global cognitive ability has been maintained. All three tests were made to have an average 100 ± 15 standard deviation in the normal population. Also significant correlations between each test were proved. And when those tests were translated into Japanese, standardization of the tests were performed to make sure those tests averaged 100 ± 15 standard deviation for the normal Japanese population. And these tests were very popular in Japan, so I think there is no effect from using three different tests in our study, and the Wechsler's tests were all validated in Japanese culture, so I think the relatively higher percentage of the study population with IQ less than 70 is a result of population change in Fontan candidates with the progress of surgical results.
And about the second question, we did not have enough data during the gestational period. We have 16 patients weighing under 2.5 kg at birth, including six premature babies. And among the 16 patients, three patients were diagnosed as having heart disease in utero and were referred to us before birth. Two patients were referred to our hospital during the palliative stage and they came from other prefectures. So the relatively high number of patients with low birth weight probably related to the characteristics of our hospital referral characteristics, and that makes our patient cohort much higher risk.
